Abstract-We propose a sixfold photonic quasi-crystal fiber with a trapezoidal analyte channel based on surface plasmon resonance for the detection of high-refractive-index (RI) liquid analytes and numerically analyze its sensing performance for different liquid analyte refractive indices and heights using the finite-element method. In contrast to the common D-shaped structure photonic crystal fiber, we design a trapezoidal analyte channel to investigate the role of the sample liquid height within the channel and discussed the feasibility of the fabrication process. We find that with various liquid analyte heights ratios of 20%, 25%, 30%, and 50% of the maximum channel height, the proposed biosensor exhibits linear sensing performance with a maximum RI sensitivity of 4400, 6100, 8000, and 17000 nm/RIU, respectively, for analytes RI range of 1.44-1.57, 1.41-1.51, 1.40-1.49, and 1.40-1.44. This sensor is suitable to detect various high RI chemicals, biochemicals, and organic chemical samples. Owing to its simple structure of the proposed biosensor with promising linear sensing performance, we envisage that this biosensor could turn out to be a versatile and competitive instrument for the detection of high-RI liquid analytes.
I. INTRODUCTION

I
T IS well established that the surface plasmon resonance (SPR) based optical fiber biosensors are simple and compact probe designed for high sensitivity, highly robust, low-cost, fast response, label-free detection and hence they are widely studied in various fields such as medical diagnostics, drug detection, food safety control and environment monitoring for the investigation mainly on the bio-molecular interaction and recognition of target analytes [1] - [3] .
The optical phenomenon named as SPR is generally defined as the coupling/excitation between the surface plasmon wave and the electromagnetic wave propagating at the interface between a dielectric medium and a conductor [4] . The resonant wavelength of a biosensor is extremely sensitive to the refractive index changes of surrounding analyte at the sensing region. Since Kretschmann and Raether investigated and revealed the SPR phenomenon in 1960s [5] , the prism-based SPR biosensors are widely used in practical applications and research developments. Traditional prism-based SPR biosensor has its own cons like bulk size, complicated design and structure, high cost and low reliability [6] , [7] , even though their sensing performance is good enough to detect small variations of the refractive index of the analyte [8] .
In order to overcome these disadvantages, optical fiber SPR biosensor was proposed as it has the design flexibility and also compact in size [4] . Unlike the conventional prism-based SPR biosensor configuration, in optical fiber SPR biosensor, prism is replaced by the fiber and the excitation of surface plasmons is formed through the fiber coupling rather than the prism coupling. Therefore, low cost, highly integrable and portable optical biosensors are achieved. Moreover, real-time monitoring can also be realised by optical fiber based biosensors. For the first time, in 1993, Jorgenson proposed the optical fiber SPR biosensor with a maximum refractive index measurement resolution of 7.5 × 10 −4 RIU at the wavelength of 900 nm [4] . Thereafter, a large number of different types of optical fiber based SPR biosensors for various applications have been studied and reported both theoretically and experimentally [9] . In order to achieve high sensitivity and narrow loss spectrum, multi-mode fibers were used instead of single mode fibers [10] . For different fabrication methods and setups, the transmission-based SPR fiber biosensor and the reflection based SPR fiber sensors were both reported by Papiya Dhara et al., in 2015 [11] . Recently, with the development of photonic crystal fiber (PCF), PCF based biosensor has been one of the most popular devices for biochemical sensing due to its versatile applications and the ability to control the optical characteristics of the fiber through different photonic crystal structural design and structure parameters [12] , [13] . In 2007, Hassani and Skorobogatiy reported a refractive index based SPR-PCF biosensor [14] . It provides a new coupling mechanism concept for SPR sensing that can be explained by the propagation constants equivalence of a leaky core-guided mode and a plasmonic mode at the resonant wavelength. Using materials like Polymethyl methacrylate (PMMA) it is possible to fabricate PCFs with optimized structure through different designs, which help to develop PCF based SPR biosensor with various sensing ability, better sensing performance and to detect liquids with wide range of refractive indices [15] . Many different PCF-SPR biosensors with innovative design structures were proposed to enhance the sensing performances. In 2012, multi-core holey fiber was proposed by Shuai et al., for a large range of analyte refractive indices [9] . Later, Wei et al., reported a biosensor using two polarized modes for simultaneous detection in 2013 [16] . Further, in 2016, Yang et al., achieved an extremely high sensitivity of 19009.17 nm/RIU by embeding silver nanowires within a PCF for glucose detection [6] . Moreover, , proposed a PCF biosensor design with a sensitivity of 7500 nm/RIU achieved through goldgraphene composite film coating [17] . As a different kind of novel microstructured fiber, a solid-core photonic quasi-crystal fiber (PQF) with aperiodic air holes arrangement in the cladding region was proposed and it exhibited unique optical characteristics such as less confinement loss, flat dispersion profile for wide range of wavelength, high dispersion values, etc., [18] . Of late, Aruna Gandhi et al., proposed a biosensor to sense glycerol using a ten-fold PQF with a maximum sensitivity of 6000 nm/RIU [19] . In this direction, we have also recently designed a metal coated (inner side of the holes) six-fold PQF biosensor using PMMA as the cladding material for sensitivity enhancement and structural stabilization [7] . However, one serious downside of PCF-SPR biosensor is the difficulty of coating the metal film in the inner walls of the tiny air holes with the existing PCF fabrication technologies. Hence, the D-shaped PCF biosensor was proposed for the feasibility of fabricating biosensors, as the metal film can be coated on the fiber surface with the side-polishing technology [20] . With all these recent developments in PCF-SPR biosensors, detection of high refractive index liquid analytes is still a challenge in biosensor design.
In this paper, a six-fold PQF biosensor with a trapezoidal channel (TC-PQF) is proposed and theoretically analysed to obtain high sensitivity for the sensing of high refractive index liquid analytes. Its structure is based on the common D-shaped biosensor but has a trapezoidal shaped cross-section channel to infuse the liquid analyte easily. Due to its unique structure, the PQF based sensor has several optical advantages such as flattened zero-dispersion profile for a wide range of wavelength and low confinement loss that will ensure the accuracy and stability during the sensing process [19] , [21] . The effect of the different height levels of the liquid analyte on the detection performance of the biosensor has been theoretically investigated through finite element method (FEM). 
II. GEOMETRIC STRUCTURE AND NUMERICAL MODELLING
The schematic of the proposed biosensor is shown in Fig. 1 . It comprises of 4 layers of air holes arranged in a six-fold PQF structure of air holes diameter of d = 1 μm with no central air hole. The distance between two holes (pitch), Λ, is 2 μm and the radius of the whole biosensor is set as 9 μm. An open trapezoid shaped analyte channel is situated at the top middle part of the fiber cross-section so that the analyte can be infused in the channel. The height of the trapezoid channel, d a , is 2 μm. The width of the top wider side and bottom shorter side of the trapezoidal cross-section cavity are W top = 5.62 μm and W bottom = 3.12 μm, respectively. An uniform thin gold film layer of thickness t Au = 50 nm is coated in the base of the channel for the surface plasmon excitation. The distance between the top of the trapezoid-shaped cross-section and fiber core is d 1 = 4.5 μm.
Fused silica is considered as the cladding material and the wavelength dependence of the refractive index of the silica glass is calculated by the following Sellmeier equation [22] :
where
, and C 3 = 97.934003 μm 2 . Here, the λ represents the incident light wavelength in vacuum. Meanwhile, the dielectric constant of the thin gold film is calculated using the Drude model that is characterized as [14] :
here ε ∞ = 9.75 is the high frequency dielectric function of gold; while ω p = 1.36 × 10 16 rad/s and ω c = 1.45 × 10 14 rad/s are the plasma frequency of the metal and scattering frequency of the electrons, respectively. The refractive index of air is set to a value of 1.
There are different types of biochemicals, biomolecules and bio-substances that can be detected using the PQF biosensor as long as the surface plasmon mode is created for the range of refractive indices of the samples that are of interest. In some cases helping agents are required to keep the bio-substance under investigation in the sensing area of the biosensor. For instance, Poly-L-lysine (PLL) is commonly used to immobilise biomolecules such as deoxynucleic acid (DNA) and it will immobilise itself to a solid surface. Hence, the molecular interactions of DNA can be detected by a PLL bound surface. In general, the PLL and DNA layers have a refractive index range of 1.45 to 1.48 [23] . In our simulations, the refractive index (RI) ranges of the analyte are set within the range of 1.40-1.58 to detect wide range of bio-substances including the sensing of DNA assisted by the PLL.
The proposed structure can be fabricated using the state-ofthe-art technique of stack-and-draw [24] and side polishing methods [25] . The fabrication process of proposed biosensor can be based on side-channel PCF fabrication which has been successfully fabricated by Nan Zhang et al., using two steps stack-and-draw process and the channel can be created by removing one-sixth of the holy lattice cladding as illustrated in Fig. 2 [26] . During the fiber drawing process, as reported by Nan Zhang et al., [27] the pressure, vacuum and the stability of drawing tower need to be well controlled to keep the structure of the PQF. In order to achieve a trapezoid shape, the side polishing method can be used to remove the two top edges. The rugged surface of the trapezoid base can be processed by a focused high-power laser beam through the cavity to achieve flat bottom surface of the channel. Finally, a thin gold layer can be coated on the sensing surface with a chemical deposition method, described by Jonathan Boehm [28] .
To numerically investigate the sensing performance of this biosensor, FEM is used to find the effective refractive indices through COMSOL Multiphysics software. A perfectly matched layer (PML) is considered as the boundary condition for the outside edges to absorb the radiated light energy for the simulation to mimic the real situation [29] .
III. SENSING PERFORMANCE
In any SPR based sensor, it is well known that at the resonant wavelength, the surface plasmon mode (PM) is created through the light energy transfer from the main core-guided fundamental mode (FM) [30] .
Simulations results performed on the designed PQF-SPR biosensor for the formation of the PM are shown in Fig. 3 . The liquid analyte height was set as 500 nm (25% of the channel height) and the refractive index of the liquid analyte is considered as n a = 1.49. 1492 nm [resonant wavelength; Fig. 3(b) and (e)] and 1650 nm [longer wavelength with respect to the resonance; Fig. 3(c) and (f)], respectively. The arrows indicate the direction of the electric field. Fig. 3(d)-(f) show the formation of the PM for all three wavelengths, viz., shorter, equal and longer with respect to the resonant wavelength. From Fig. 3(a)-(c) , it is clear that part of the FM light energy leaked into the gold film sensing area as PM light signal. Fig. 4 shows the confinement loss spectrum (solid curve), dispersion relations of the PM (dashed curve) and FM (dotdashed curve) calculated from the simulations results for the PQF-SPR biosensor. In these calculations, confinement loss can be calculated in dB/cm as [31] :
where (n ef f ) is the imaginary part of the effective refractive index of the FM. For the proper sensing and detection process of the SPR based biosensors, it is important to achieve phase matching condition between the FM and PM [32] . For the proposed PQF-SPR biosensor, the phase matching condition between the FM and PM is found at the resonant wavelength of 1492 nm. The strongest coupling/excitation occurred at this resonant wavelength as the peak of the confinement loss is located at this wavelength as shown in Fig. 4 . This clearly indicates that maximum energy transfer of the light signal from FM to PM happened at this resonant wavelength. For the better performance of a refractive index based SPR biosensor, the energy transferred to the PM should be extremely sensitive to the RI changes of the aqueous analyte [33] , [34] . When there are small RI changes in the analyte, the peak of the effective refractive index of the PM should shift its position with respect to the light signal wavelength. As a consequence, the resonant wavelength occurring at the phase matching condition will also shift accordingly. Fig. 5(a) shows a trend for the family of the confinement loss curves of the analyte's RI in the range of 1.41 to 1.52 when analyte height (H a ) is 500 nm. As the RI of the analyte increases, up to a particular value (1.46) the peak value of the loss curve increases and then goes down. On the other hand, the location of the peak always shifts towards the longer wavelength side. While the peak values go down the loss curves become more and more blunt and getting broader as well.
According to the wavelength interrogation method, the sensitivity of the biosensor can be calculated in nm/RIU using the expression [35] :
where Δλ peak is the resonant wavelength shift and Δn a is the analyte refractive index difference. For example, in Fig. 5(a) , the wavelength shift between the confinement loss peaks for RI 1.48 and 1.49 is 48 nm. Hence, the sensitivity of the PQF-SPR biosensor for the analyte RI change from 1.48 to 1.49 is calculated as 4800 nm/RIU. Table I reports the resonant wavelengths and the corresponding sensitivities of the PQF-SPR sensor for various RI values of the analyte.
The maximum calculated resolution of the designed PQF-SPR biosensor is as high as 1.64 × 10 −5 RIU for a 0.1 nm peakwavelength resolution of the instrument within the RI sensing range of 1.41 to 1.52. However, the peak of the confinement loss decreases with the increasing values of the analyte RI and also the peak is not sharp enough to detect the loss peak point for the analyte with refractive index over 1.52. 50% confinement loss bandwidth (calculated as full width at half-maximum (FWHM)) reported in Table I gives the idea how sharp or blunt the confinement loss curves are.
Above simulations results for the PQF-SPR biosensor are reported for a height of 500 nm that is 25% of the channel height. We investigated the performance of the designed PQF-SPR biosensor for different analyte heights in the channel. By decreasing the analyte height to 400 nm (20% of the channel height), we found the possibility to extend the RI sensing range of the PQF-SPR biosensor from 1.41−1.52 to 1.44−1.58. Fig. 5(b) shows the confinement loss spectra for the analyte RI varying from 1.44 to 1.58 when H a is 400 nm and the calculated sensitivity and FWHM loss bandwidth are summarised in Table II . The wavelength shift of the spectrum of the confinement loss peak for the analyte RI of 1.46, 1.47 and 1.48 are too small for precise detection and their sensitivities are lower than 1500 nm/RIU. Hence the designed PQF-SPR biosensor is considered to work with a better sensing performance within the analyte RI range of 1.49 to 1.58 when the analyte height is 400 nm. Thus, the sensing of analyte's RI range extension towards very high values above 1.58 is at the cost of reduced sensitivity. Also another notable information from Table II is that the maximum sensitivity is 27.8% lower than the simulation results of 25% of liquid analyte height (500 nm) and at the same time with an improvement of 28.6% in the detectable analyte's RI range. Investigation on the performance of the PQF-SPR biosensor was performed for an analyte height to 600 nm (30% of the channel height). In this case as well, the biosensor exhibited similar relationship between the analyte's RI sensing range and the maximum sensitivity, see Fig. 5(c) . The analyte's RI sensing range for 600 nm of H a is found to be from 1.40 to 1.49 and the maximum sensitivity is calculated as 8000 nm/RIU, see Table III . Moreover, for an analyte height of 1000 nm (50% of the channel height), the highest value of sensitivity is calculated as 17000 nm/RIU. This increased sensitivity of the designed sensor is available at the cost of limited RI sensing range of 1.40 to 1.44.
The peak losses and FWHM bandwidths of the loss spectra corresponding to different RI of the analyte when the liquid height H a is 400 nm, 500 nm and 600 nm are shown in Fig. 6(a) . For all the three different heights of the analyte, we can see the trend of the peak loss increasing up to a certain value of the refractive index and then decreasing for further increase of the refractive index value. While the FWHM bandwidths linearly increasing for increasing values of the analyte refractive index for all the three different heights of the analyte. Loss resonant wavelengths of the loss spectra for three different analyte heights are plotted in Fig. 6 .
It should be noted that, as the FWHM bandwidth getting broadened to the longer wavelength, the FOM of the sensor will be degraded. As it is presented in Fig. 6(c) , the average FOM obtained for liquid heights of 400 nm, 500 nm and 600 nm are respectively, 43.7 /RIU, 55.8 /RIU and 62.2 /RIU and these values are higher than the FOM reported in [37] , [38] . Simulations performed for lower heights of the liquid analyte for 100 nm, 200 nm and 300 nm (within 15% of the channel height) to investigate the sensing performance of the sensor. As illustrated in Fig. 7 , the wavelength shifts of resonant peaks for different RI of the analytes with the same liquid height were found to be very small and this can be very difficult to be measured using spectrometer. According to the results reported in Fig. 7 , it is clear that the sensitivities are too low (wavelengths shift are all less than 5.5 nm) for the differences in the analyte RI when the analyte height is lower than 400 nm (within 15% of the channel height). Thus minimum 15% liquid height level with respect to the total analyte cavity height is the threshold requirement for the PQF-SPR biosensor to exhibit accurate detection and better sensing performance. 
IV. EFFECT OF VARIATIONS IN AIR HOLES DIAMETER
Changing the structural parametric values of the PQF-SPR biosensor, such as variations in the air holes distance/air holes diameter or using different dielectric/metal materials can influence the sensing performance. Fig. 8 shows the effect of different structure parameters on the sensing performance of the PQF-SPR biosensor. The confinement loss spectra for different air holes diameters values from 0.9 to 1.1 μm, different pitch Fig. 8 . In Fig. 8(a) , it can be seen that when the air holes diameter is 0.9 μm, the shift of the resonant wavelength is only 15 nm which resulted in a low sensitivity value of 1500 nm/RIU. On the other hand, when the air holes diameter is set to 1.1 μm, the shift of the resonant wavelength is up to 34 nm. Although it can provide a high sensitivity of 3400 nm/RIU for the analytes' RI of 1.50 and 1.51, the loss spectra are not very sharp. In Fig. 8(b) , it can be seen that the resonant wavelength shift is increased with the increase of pitch distance, whereas the loss is decreased. In Fig. 8(c) , the resonant wavelength shift for three different gold coating thickness of 40 nm, 50 nm, 60 nm were 25 nm, 27 nm and 22 nm, respectively. Either increase or decrease of gold coating thickness from the original value of 50 nm reduces the sensitivity of the biosensor. Hence, in order to achieve the best sensing performance of the PQF-SPR biosensor, the values of air holes diameter, pitch and gold coating thickness are to be as near as the designed values of 1.0 μm, 2.0 μm and 50 nm, respectively to achieve a resonant wavelength shift of 27 nm and the corresponding sensitivity of 2700 nm/RIU.
V. TOLERANCE STUDY OF DESIGN PARAMETERS
We investigated the tolerance of the TC-PQF biosensor as it is practically difficult to fabricate the biosensor exactly as the physical parameters in the design, such as the air holes diameter d = 1 μm, trapezoid channel cavity depth d a = 2 μm, top and bottom widths W top = 5.62 μm and W bottom = 3.12 μm and the side-polishing depth d 1 = 4.5 μm, as shown in Fig. 1 . Under the current condition of PCF fabrication technology, ±2% to ±5% variations on the designed parameters should be considered as the fabrication tolerance [39] . First we consider the effect of air holes diameter variations for the sensing performance reported for 400 nm (20% of cavity height) liquid analyte height. Fig. 9(a) shows the effect of air holes diameter variations on the loss spectra of the designed biosensor which indicates that there is −10 nm (+5% change in the air holes diameter; dashed curve) and +12 nm (−5% change in the air holes diameter; dotted curve) relative resonant wavelength shift of the confinement loss peak with respect to the designed parameter value of 1 μm shown as solid curve. Fig. 9(b) shows the simulations results when the cavity depth is not exactly same as the designed sensor. If the cavity depth is having variations of +5% and −5% with respect to the designed RI value of 1.5 shown as solid curve in Fig. 9(b) , then the confinement loss peak resonant wavelength shifts are 36 nm (dashed) and 64 nm (dotted), respectively. Furthermore, the effects due to the variations in the trapezoidal cavity bottom and top widths are having variations from the original designed values (solid curve), then the resultant loss spectra are shown in Fig. 9 (c) for +5% variation as dashed curve and for −5% variation as dotted curve. Finally for the practical fabrication variations of the distance between the cavity and the centre of the PQF, Fig. 9(d) , shows for +5% variation as dashed curve and for −5% variation as dotted curve, with respect to the solid curve for the designed value. It can be seen that the variations occurring in side-polishing depth have negligible wavelength shift from the designed parameter. In conclusion from this tolerance study, one can see that almost all physical parameters variations due to practical limitations in fabricating the designed TC-PQF sensor are resulting a sensing performance very close to the simulations results of the designed TC-PQF sensor.
VI. CONCLUSION
In this paper, we have proposed a six-fold photonic quasicrystal fiber with a trapezoidal analyte channel to detect the higher refractive index liquids. The numerical results show that the PQF-SPR biosensor could achieve a maximum sensitivity of 4400 nm/RIU (RI = 1.44 to 1.58), 6100 nm/RIU (RI = 1.41 to 1.52), 8000 nm/RIU (RI = 1.40 to 1.49) and 17000 nm/RIU (RI = 1.40 to 1.44) with a liquid analyte height of 20%, 25%, 30% and 50% of the channel height, respectively. We found that the sensitivity of the TC-PQF biosensor is increased as the liquid height raising, however, the sensing range will reduce. Hence, we can corroborate that the analyte liquid height has great influence on both the biosensor's sensitivity and the ability of sensing RI range. Using the designed TC-PQF biosensor, an increment of 28.6% in the analyte RI sensing range can be achieved by relatively decreasing the analyte height by 100 nm value and of course at a cost of 27.8% decrement in the sensitivity, with respect to the analyte liquid height variations between 20% and 25% height. If the liquid analyte height is below 20% of the channel cavity height, then their is no significant difference in the resonant wavelength shift of the confinement loss peaks, which can be the threshold limit of the applications of the designed PQF-SPR sensor. We believe that this PQF-SPR biosensor could be a potential sensing device for high refractive index bio-chemicals.
K. Nakkeeran (SM'18) received the B.Eng. degree
